R ecent evidence has shown that the ribosome itself can play a highly regulatory role in the specialized translation of specific subpools of mRNAs, in particular at the level of ribosomal proteins (RP). However, the mechanism(s) by which this selection takes place has remained poorly understood. In our recent study, we discovered a combination of unique RNA elements in the 5 0 UTRs of mRNAs that allows for such control by the ribosome. These mRNAs contain a Translation Inhibitory Element (TIE) that inhibits general cap-dependent translation, and an Internal Ribosome Entry Site (IRES) that relies on a specific RP for activation. The unique combination of an inhibitor of general translation and an activator of specialized translation is key to ribosome-mediated control of gene expression. Here we discuss how these RNA regulatory elements provide a new level of control to protein expression and their implications for gene expression, organismal development and evolution.
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Introduction
The regulatory logic and circuitry for how the genetic code is translated to give rise to the remarkable diversity of cell types poses one of the greatest challenges in gene regulation. Emerging evidence suggests that in additional to transcription, an important additional layer of gene expression control may be conferred through a more regulatory function of the ribosome itself. [1] [2] [3] [4] [5] The eukaryotic ribosome is composed of 80 ribosomal proteins (RP) and 4 rRNAs. RP expression has been observed to vary between different tissues, suggesting that there is a dynamic regulation of ribosome activity. 2, 6 Thereby, "specialized ribosomes," harboring a unique composition of RPs, can be fine-tuned to translate specific subpools of mRNAs. While it has been speculated that there may be cis-regulatory elements on mRNAs that are recognized by specialized ribosomes, the nature of these elements and the ribosome recruitment mechanism have remained largely a mystery.
The primary purpose of an mRNA is to code for a protein. However, much information is also encoded in the untranslated regions (UTR), including sequences and structures that affect the translation, localization and stability of the mRNA. 7 We recently uncovered a mechanism used by a group of mRNAs encoding homeobox (Hox) genes to recruit specialized ribosomes containing RPL38. 8 Hox genes are crucial genes in patterning the developing embryo and their expression needs to be tightly regulated in both time and space. 9 We found that many Hox mRNAs contain cis-regulatory elements in the 5 0 UTRs, which serve as a link between the mRNA and ribosome specificity. In particular, these mRNAs contain a new 5 0 UTR RNA regulatory element we have termed the Translation Inhibitory Element (TIE), which potently inhibits general cap-dependent translation. The TIE allows these Hox mRNAs to be regulated independently from other mRNAs in the cell. In addition, these Hox mRNAs also contain an Internal Ribosome Entry Site (IRES) that recruits the ribosome through a cap-independent mechanism (Fig. 1) . Due to the presence of the TIE, these mRNAs can only be translated through the IRES and require more specialized regulation by the ribosome itself, as revealed by the unique requirement for a single RP, RPL38, to promote Hox IRES activity. Here we discuss the implications for newly discovered Keywords: specialized ribosome, 5 0 UTR, RNA element, translation, IRES, translational inhibitory element 5
0 UTR cis-acting RNA regulatory elements, which similar to transcriptional enhancers and silencer, act in concert toward the translation of a single transcript in time and space.
Elements That Inhibit General Cap-Dependent Translation
The predominant mode of translation initiation in the eukaryotic cell is capdependent. Cap-dependent translation relies on the eIF4F complex, which is recruited to the mRNA cap and in turn facilitates the recruitment of the preinitiation complex or 43S, a complex that includes the small subunit of the ribosome. 10 We have found that many Hox mRNAs contain a TIE located near the 5 0 cap. 8 In a chimeric reporter construct where the TIE is placed upstream of the b-globin 5 0 UTR, the TIE is able to reduce translation of the reporter by more than 50 fold. By inhibiting cap-dependent translation, these mRNAs can be differentially regulated, and become exquisitely sensitized to translational regulation by the ribosome. In the several Hox mRNAs that contain TIE elements, there is no obvious sequence similarity among these TIE elements and it is unknown how they mechanistically function to achieve such a pronounced effect on inhibition of capdependent translation. It is also unclear if TIE activity can be regulated, for example to turn cap-dependent translation of specific mRNAs on or off in different tissues.
Here we discuss some of the mechanisms that the TIE may employ to inhibit capdependent translation.
Previous studies have found elements in 5
0 UTRs that inhibit translation by blocking 43S scanning. These include upstream open reading frames (uORFs) 11 and hairpins with high thermodynamic stability. In the case of uORFs, ribosome dissociation after translation of uORFs makes continued scanning to the main ORF difficult. Some of these elements are highly regulated under select conditions. For example, GCN4 is a transcriptional activator of amino acid biosynthesis in yeast and contains 4 uORFs in its 5 0 UTR. These uORFs act as amino acid sensors and their translation affects whether GCN4 is translated. 12 Global translation of uORFs has also been observed to decrease upon differentiation of mouse embryonic stem cells, 13 suggesting that uORF-mediated translation is regulated and can play an instructive role in the control of gene expression. Strong hairpins can also inhibit translation by physically blocking passage of the scanning 43S. The 5 0 UTRs of ODC 14 and TGFB1 15 for example, have high GC contents and form stable hairpins that inhibit cap-dependent translation. Curiously, the TIEs in Hox mRNAs do not have high GC contents and their inhibitory activity is not due to the presence of uORFs. 8 However, one possible mechanism may be that the TIE could fold into a highly specific RNA structure that blocks 43S scanning. Therefore, future studies will be required to determine on a comparative basis whether specific structural features may be shared between the TIEs first identified within subsets of Hox 5 0 UTRs. Another mechanism to inhibit capdependent translation is blocking 43S recruitment. The histone H4 mRNA, for instance, contains a cap-binding pocket formed by the mRNA that sequesters the cap from interacting with eIF4E, the major cap-binding protein and initiation factor. 16 Without alternative mechanisms to recruit initiation factors and the ribosome, sequestering the cap can be a potent mode of inhibiting cap-dependent translation. Recent studies have also shown that miRNAs can inhibit translation by dissociating eIF4A from the eIF4F complex, which in turn blocks recruitment of the 43S. 17, 18 The TIE may use similar mechanisms to prevent the formation or promote the dissociation of the eIF4F complex.
A final possible mechanism for inhibiting an mRNA's translation is by changing the localization of the mRNA. mRNA export from the nucleus is highly regulated and involves a myriad of proteins. Certain subsets of mRNAs require specific export adaptor proteins to target them for mRNA export receptors. 19 For example, some mRNAs are transported through the CRM1 nuclear pore receptor. CRM1 does not bind RNA and requires different RNA binding proteins to target specific mRNAs. 20 An RNA element that masks an adaptor protein binding site may prevent a transcript from ever reaching the cytoplasm to be translated. Alternatively, an RNA regulon such as the TIE may be responsible for targeting the mRNA into an RNA granule in the cytoplasm. It is known that stress granules and P bodies are formed under certain types of stress. 21 RNAs found in such granules are translationally inactive. These granules are thought to temporarily store mRNAs that the cell is not equipped to translate. More physiologically, RNA granules are found in neurons as transport vehicles for mRNAs from the cell body to the 0 UTRs of certain mRNAs inhibits cap-dependent translation and frees the mRNA from cap-dependent translational regulation. An additional cis-regulatory element, the Internal Ribosome Entry Site (IRES), can recruit the ribosome through a cap-independent mechanism. Translation from the IRES enables specialized regulation by the ribosome itself. For example, RPL38 is required for the translation of several TIE and IRES-containing Hox transcripts. These RNA elements are analogous to transcriptional enhancers and silencers (bottom), which act together to regulate gene expression.
dendrites. 22 These mRNAs are kept in a translationally repressed state by the accompanying proteins until they reach their destinations. Therefore, the TIE element may preferentially target mRNAs into cytoplasmic granules as a mechanism for translational inhibition.
Future studies will reveal more mechanistic details of TIE-mediated translational inhibition. Furthermore, identification of TIE-containing mRNAs genome-wide holds promise for delineating mRNAs that rely on direct interactions with the ribosome to achieve dynamic control of translation in a regulated manner in time and space.
Elements That Recruit Specific Ribosomes
Blocking general cap-dependent translation of a transcript offers an mRNA the possibility to be selectively translated by specialized translation machinery. Since cap-dependent translation has been inhibited, an alternative, cap-independent mode of recruiting the ribosome is required to promote translation initiation of such transcripts. Many viruses, especially ones that shut off the host's general translational machinery, have evolved IRES elements that can initiate cap-independent translation. IRES elements are RNA elements within the 5 0 UTR that recruit translation initiation factors or the ribosome itself directly to the mRNA, without the need for the mRNA cap. 10 A number of cellular mRNAs also contain IRES elements and can initiate translation using a reduced set of initiation factors. The majority of known IRES-containing cellular mRNAs belong to stress-response genes, where the IRES element is thought to maintain their translation under stress conditions, when global cap-dependent translation is suppressed. [23] [24] [25] However, the role of IRES elements in the context of normal development, cell physiology and gene regulation has remained poorly understood.
Our findings have revealed that an IRES element can be a regulatory platform or "landing pad" to recruit specialized ribosomes. We found that a subset of Hox mRNAs, in addition to possessing TIEs within their 5 0 UTRs that block capdependent translation, also contains IRES elements, which require RPL38 for their activation. 2, 8 Although many cellular IRESs only function in conditions when cap-dependent translation is down-regulated such as in mitosis 26, 27 or under stress, 24, 25 IRES-dependent translation is the predominant mode of translation initiation for these genes under normal physiological conditions. By creating the first targeted knockout of an IRES, we found that the Hoxa9 IRES is necessary for normal protein production in development. HOXA9 is translationally regulated by RPL38 and is usually expressed in the neural tube and somites, where RPL38 is also highly expressed. 2 In Hoxa9 IRES knockout mice, production of the HOXA9 protein is blocked within the neural tube and somites, and the resulting mice display a characteristic Hox loss of function phenotype-a homeotic transformation. IRES activity is dependent on RPL38 as knocking down RPL38 decreases IRES activity. 8 Hence, translation of these Hox mRNAs can only occur when the IRES element is active and RPL38 is present on ribosomes. In addition, RPL38 is not required for translation of viral IRESs such as the Hepatitis C Virus (HCV) IRES. Together, this shows that RPL38 is responsible for translating specific IRES-containing mRNAs. RPL38 is not alone in being involved in IRESdependent translation. Previous studies have found that many viral and cellular IRESs depend on RPS25 for translational activation. 28, 29 Knocking down RPS25 causes a reduction in the IRES activity of these mRNAs, and ribosomes lacking RPS25 are unable to bind to the IRES. 28, 30 This suggests that different types of specialized ribosomes and, in particular, the individual activities of specific RPs, may promote IRES-mediated translational activation of subpools of mRNAs.
To date, IRES elements are identified through experimentation, mostly employing bicistronic reporter assays, where the first reporter reports for cap-dependent translation and the second is translated only if the preceding RNA sequence can recruit ribosomes in a cap-independent manner. However, care must be taken to ensure that the construct does not contain a cryptic splice site or promoter, which will produce a false positive result. Some control experiments we have performed include confirming that both reporters are found in a similar ratio at the RNA level between all our constructs. We also used an shRNA against one reporter and observed a knockdown of both reporters. 8 These assays strongly suggest that both reporters are found on the same mRNA. While some groups advocate for the use of an m7G cap versus an A-capped monocistronic constructs to determine the relative contributions of cap vs. IRES-dependent translation in cellular IRESs, we have taken a less artificial approach. First we deleted the IRES in a capped monocistronic reporter and showed that it is required for translation. Then we deleted the IRES in the endogenous locus in vivo and observe a similarly important effect of the IRES in protein production in a developing mouse embryo. Notably, the majority of the Hoxa9 transcript in Hoxa9 IRES knock-out embryos accumulates in prepolysomal fractions, reflecting an accumulation of mRNA not bound by translationally active ribosomal subunits. Together these experiments show that Hox IRES elements have a major contribution in the translation of these mRNAs.
Known cellular IRES elements to date do not have a consensus sequence or structure and hence it has been challenging to predict for and identify cellular IRES elements. We have functionally identified a number of IRES elements in Hox genes. With these newfound IRESs, one can attempt to extract common features, such as their RNA structures or RNA binding proteins. We have shown that Hoxa9 requires its RNA structure for IRES function. In particular, Hoxa9 contains an asymmetric bulge that introduces a »90 bend to the RNA structure. A similar asymmetric bulge is present in Hoxa5 Structural studies have shown that the bulge in HCV allows the IRES to bend and adopt an L-shape conformation in solution and also when bound to the ribosome. 31, 32 The bend in HCV is crucial for 80S assembly 33 and it will be interesting to determine if the Hox IRES elements, which also recruit both the 40S and 60S, do so employing a similar 
Implications for a Combination of TIE and IRES Elements
We have described a powerful way of achieving ribosome-mediated translational specificity. By using a TIE to inhibit general cap-dependent translation of a specific mRNA, specialized ribosomes can exert gene-specific regulatory control of translation through the IRES. Translation of these mRNAs requires both the TIE and IRES to be present in cis and specialized ribosome activity in trans, providing additional controls over gene expression. As RP expression changes between tissues, 2 we believe that the IRES activity and translation efficiency will change as well. This can provide much greater variation for how a transcript can be read out into a functional protein for multicellular organismal development.
A fascinating question is how and when such a regulatory mechanism for gene regulation evolved. The cluster of mRNAs that we focused on, the Hox genes, is an ancient group of genes found in all bilateria. 37 In Drosophila melanogaster, Hox genes such as Ultrabithrox and Antennapedia appear to contain IRES elements. The 5 0 UTRs of these mRNAs also contain multiple uORFs which may function to inhibit cap-dependent translation. 38, 39 It will be interesting to determine if RPL38 also regulates the translation of Drosophilia Hox genes. While the Hox IRESs are highly conserved in vertebrates, the TIEs are only found in mammals. One speculation is that the IRESs arose earlier as a fail-safe mechanism to ensure the expression of key developmental regulators. As embryogenesis takes place in a more controlled environment in mammals, mammals can evolve additional RNA elements such as the TIE to increase regulation.
It is also interesting to think about the co-evolution of 5 0 UTR RNA regulons and the ribosome. RPL38 and RPS25 are both eukaryotic inventions, as are Hox genes. Knockouts of either of these RPs are viable in Saccharomyces cerevisiae with mild phenotypes, 40 while a knockout of RPL38 in the mouse is embryonic lethal. 41 This suggests that these RPs may have evolved additional specificity functions in multicellular organisms. It remains to be determined how many other RPs may confer such specificity on translational control.
The Hox genes have been a hotbed for discovery of regulatory mechanisms. Regulatory elements including chromatin modifiers, 42, 43 micro-RNAs, 44 and long non-coding RNAs 45 were found and studied in Hox loci. We have uncovered a unique set of mRNA elements that allows for ribosome-mediated specificity. Using a combination of RNA elements to regulate translation is likely to be a common mechanism in the genome. Analogous to transcriptional enhancers and silencers, these elements can add a brand new layer of post-transcriptional regulation to gene expression (Fig. 1) .
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